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CHRONIC GRANULOMATOUS DISEASE 



Phagocytic leukocytes (neutrophils, eosinophils, monocytes and macrophages) 
kill ingested micro-organisms by releasing microbicidal proteins from cytoplasmic 
granules and by generating superoxide (O z ") and other reactive oxygen species 
into the intracellular phages omal compartment that contains the ingested micro- 
organisms (Fig. 1). The enzyme that catalyzes the formation of superoxide is an 
NADPH:0 2 oxidorsductase called NADPH oxidase* ThH enzyme is dormant in 
resting phagocytes and becomes activated upon adherence of micro-organisms to 
these cells. Reducing equivalents from NADPH are utilized to reduce molecular 
oxygen to 0 2 " In subsequent reactions, hydrogen peroxide (Hft), hypochlorous 
acid (HOCl) and N-chloramines are formed* products that have increasing mi- 
crobicidal potency and effective biological half-life, 

If NADPH oxidase is dysfunctional, the phagocytes art unable to kill certain 
bacteria and fungi. As a result* patients with this disorder suffer from chronic 
granulomatous disease (CGD), characterized by severe recurrent bacterial and 
fungal infections of the subcutaneous tissues, the lungs and the lymph nodes, 
and occasionally the liver and the bones (Forrest et ah 1988). The most common 
pathogens include Staphylococcus aureus, Aspergillus species and a variety of 
gram-negative enteric bacilli including Serratta marcecens, Pseudomonas cepacia 
and various Salmonella species. CGD patients are particularly susceptible to 
organisms that contain catahse, because catalasc prevents the CGD phagocyte 
from using microbial-generated H 3 0 2 for killing these micro-organisms. Often 
chronic inflammations and multiple granulomas composed of giant cells and 



Central Laboratory of the Netherlands Red Cross Blood Transfusion Service, and Labora- 
tory of Experimental and Clinical Imminology of the University of Amsterdam, Amsterdam, 
The Netherlands, 

Correspondence: Dr. D Roos, Central Laboratory of the Netherlands Red Cross, Plesman* 
laan 125. 1066 CX Amsterdam, p, O. Box 9190, 1006 AD Amsterdam, the Netherlands. 
Phone: 31-20-212 331?. Pax: 31-20-512 3310, 



0134669 29-Jun-OO 10:49P 



122 



ROOS 



GENE' 



WtafcJa 



plasma mambrin* 




nautrophil 



Figure /, Schematic representation of phagocytosis, degranulation and generation of oxygen 
radicals. Micfo-otganiBms opsonized with specific IgG antibodies and complement frag- 
ments C3b/iC3b (*) attach to Fc-ganima receptors and complement receptor*, respectively. 
This attachment induces phagocytosis, fusion of intracellular granule* with the phagosome 
membrane and activation of the NADPH oxidase. Superoxide generated by the NADPH 
oxidase in spontaneously disunited Into hydrosen pttoxide Hj0 2 ), One of the enzymes 
released into the phagosome is myeloperoxidase (MPO), which catalyzes the formation or 
hypochlcroua acid from hydrogen peroxide and chloride Ions, Reproduced from D. Roos 
(1991), with permission. 



Upid-fllled macrophages develop in COD patients, which may obstruct gastroin- 
testinal or urinary tracts. This feature has given its name to the disease, CGD is 
a rare disease, with an estimated incidence between 1:250000 and 1:500000. It 
usually manifests itself in early childhood and is predominantly found in boys. 
Due to increased knowledge about the composition, working mechanism and 
genetics of the NADPH oxidase, the clinical and genetic heterogeneity of CGD 
is now better understood. This has led to improved diagnosis and treatment of 
CGD patients. 

NADPH OXIDASE 

NADPH oxidase is a multi-component enzyme, consisting of at least five subunits. 
Two of these Subunita are integral membrane proteins that together form the 
flayo-hemc protein cytochrome £ 55B| the actual NADPH;0 2 ondorcductase en- 
zyme unit. The other three subunita are localized in the ey tosol of resting phago- 
cytes, translocate to cytochrome ^ H in activated phagocytes and are probably 
needed to confer enzymic activity to cytochrome b 5i% by inducing a conformational 
change in the cytochrome. These three "cytosolic" subunita of NADPH oxidase 
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are a 47-kD protein called pil-phox (p from protein and phox from /ffcagocyte 
oxidase) a 67-kD protein called pbl-pkox and a low molecular weight GTP- 
binding protein that may be either rac-\ (in macrophages) or ra&l (in neutro- 
phils). Together, these five proteins are sufficient to generate superoxide in a cell- 
free system consisting of recombinant proteins, NADPH, oxygen, GTP and an 
amphophilic agent such as SDS or arachidonic acid to activate the oxidase (Rotro- 
aen et al, 1993). Io intact cells, however* additional proteins are probably involved 
in regulating the activation and deactivation of the NADPH oxidase (Abo et al. 
1992 t Mizuno et al. 1992, Kwong et aL 1993). Fig. 2 shows a model of the 
assembled NADPH oxidase. 



Cytochrome b m 

Cytochrome A JB is a heterodimer consisting of a small alpha subunit with an Mr 
of 22000, called p22^/iojc, and a larger beta subunit with an Mr of 76000 to 
92000, called gp91-pA<?x Each cytochrome b& molecule contains two heme 
moieties. The location of these heme groups is not known, but recent evidence 
suggests that one heme is bound to sp9\-phox and the other one is shared between 
the two subunits (Quinn et al. 1992), Cytochrome £> 3M has a low redox potential 
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Figure Z thematic model of the phagocyte NADPH oxidase. [a testing cells, ptl-phox 
(47) and p67-j*fw (ti7) are located in the cytosol After cell activation through ligand 
binding to plasma membrane receptors (see Fig. 1). p47-p/KW U phosphorylated, and p47- 
phox and $61-pht>X translocate to the membrane and integrate with the membrane-bound 
components gflUphax (91) and p22-pkox (22). Activating proteins {e.g. rao2) also translo- 
cate to the membrane. This results in formation of an active NADPH oxidase complex, 
which accepts two elections from each NADPH molecule at the NADPH binding site on 
%p9Uphox and transmits these through FAD and the hemes to two molecules of oxygen at 
the other side of the membrane, thus generating superoxide Of. According to Quinn et al. 
(1959) the model shows two cytochrome b m molecules for each p41-phox and p&T^tow 
molecule. Reproduced from ft Roos (1993), with permission. 
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and is therefore considered to be the NADPH oxidase component that donates 
electrons directly to molecular oxygen (Cross et al. 1981). Resonance Raman 
spectroscopy and electron paramagnetic resonance (EPR) data indicate that both 
heme groups contain a six-coordinate iron (Hurst et al. 1991, Isogai et al. 1993). 
This implies that oxygen cannot directly bind to the heme ion, but may instead 
be reduced to superoxide at the heme edge or at an extracellular site of the 
protein. 

Recently, Segal et aL (1992) and other investigators (Rotrosen et al. 1992, 
Suminoto et al. 1992, Doussiere et al. 1993, Taylor et al. 1993) found evidence 
fqr the existence of another prostatic group in cytochrome viz. FAD. This 
evidence was based (1) on sequence homology between the cytochrome beta 
subunit and the NADPH and FAD binding regions of several mammalian, 
bacterial and plant flavoproteins* (2) on labeling of purified cytochrome b iX with 
an NADPH analogue, and (3) on the low FAD content of neutrophil membranes 
from cytochrome 6 J3r negative COD patients (Bohler et al. 1986, Ohno et aL 
1986), Thus, cytochrome bm « Probably a flavocytochrome that contains all 
necessary elements to accept electrons from NADPH at the cytoaolic side of the 
protein and to donate these electrons to molecular oxygen at the extracellular 
(and intraphagosomal) aide of the protein. Indeed, purified and relipidated cyto- 
chrome b i5 t is capable of generating superoxide without any additional proteins 
(Koshkin & Pick 1993), 

Cytosotic components 

In a oell-ftee NADPH oxidase activation system consisting of neutrophil mem- 
branes (containing cytochrome * j5B ), neutrophil cytosoi fractions, GTP, NADPH 
and an amphiphilic agent (SDS or arachidonic acid), it has been found that the 
cytosoi contains at least three proteins needed for superoxide generation by this 
system (Volpp et al. 1988, Nunoi et al. 1988, Bolster et al. 1989)* One of these 
proved to be a 47-kD protein l$M-phox) known to be phosphorylated in intact 
normal neutrophils after cell activation, but not in neutrophils from some CCD 

patients (Segal et al. 19B5, Okamura et al, 1988, Bolscher et al. 1989). Later, this 
proved to be due to the absence of p41-phox in the phagocytes from these patients 
(Volpp et al. 1989). Two proteins have been cloned but, unfortunately, the amino- 
acid sequences of these proteins do not clarify their function. However, both p47- 
phax and pbl»phox contain two regions that are 18-40% homologous with so- 
called SH3 regions of non-receptor tyrosine kinases, of which sre is the classic 

example Because such proteins move to the plasma membrane or cytoskeleton 

upon cell activation, these regions are supposed to be important for the binding 
of p47-pAax and $61*phox to other cell proteins (e.g. cytochrome * 3S8 ). 

The third cytosolic protein required for NADPH oxidase activity in the cell- 
free system has been called neutrophil cytosolic factor 3 (NCF-3) by Nunoi et 
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al. (1988), soluble oxidase component I (SOC-I) by us (Bolscher et al. 1989) and 
Sigma I by Pick et al, (1989). This protein need* GTP for its translocation to 
the plasma membrane (Bolscher ct al. 1990, Philips et al. 1993). Recently, this 
protein has been identified as the low molecular weight GTP-binding protein rac- 
1 in macrophages (Abo et al. 1991) and rac-1 in neutrophils (Knaus et al. 1991, 
Mizuno et al. 1992). Subsequently, indications have been found Tor additional 
small proteins that regulate the GDP/OTP exchange of these rac proteins, and 
in this way may be involved in fine-tuning the activity of the NADPH oxidase 
activity (Abo et al. 1992, Mizuno et al. 1992, Kwcmg et al, 1993). 

Enzyme activation 

As indicated in the previous paragraphs, p47«jriox, p67-/>Aax and the rac proteins 
are supposed to be involved in the activation of NADPH oxidase upon attachment 
of opsonized micro-organisms to Fey and complement receptors on the phagocyte 
surface. Exactly how this process takes place is unknown, hut the general idea is 
that p47-i/tox and pSl-phox translocate from the cytosol to the plasma membrane 
and induce a conformational change in cytochrome * 3fl> thus allowing NADPH 
binding and/or electron flow from NADPH to oxygen. Indeed, translocation of 
pAl-phox and p61*phox to the membrane has been observed both in intact cells 
and in the cell-free system (Ambruso et al. 1990, Clark et al. 1990, TVagi et al, 
1992, Park et al. 1992) and this process requires the presence of cytochrome 
in the membrane (Clark et al. 1990, Heyworth et al. 1991). Peptides that mimic 
the cytosolic C-termini of the cytochrome b m subunits inhibit this translocation 
and oxidase activation in the cell-free system (Rotrosen et al. 1990, Park et al. 
1992, Kleinberg ct al. 1992, Nakanishi et al 1992). This docs not necessarily 
imply (hat these regions are the actual docking sites of the cytosolic proteins, 
because high concentrations of these peptides were needed for efficient inhibition. 
In addition, we found that positively charged peptides in general inhibit this 
process (Verhoeven et al. 1993). 

The translocation of pW-phox in intact cells is probably induced by the sequen- 
tial phosphorylation of p47-/>Aox at serine residues after activation of protein 
kinase C (Okamura et al. 1988, Heyworth et al. 19B9, Rotrosen & Leto 1990). 
The translocation of pSl-phox is dependent on the presence of pAl-phox, but the 
reverse is not true (Heyworth et al. 1991, Uhlinger et al 1993). Interaction 
between pAl-phox and cytochrome b }li involves tyrosine-324 of p47-/>to* (Malpch 
et al. 1993). This interaction is enhanced by digcylgtycerol, whereaa the translo- 
cation of p67»/r Aox is enhanced by non-hydrolyzable analogues of GTP (l>agi et 
al 1992, Park & Babior 1993, Uhlinger et al. 1993). 

The exact role of the rat proteins in this process remains to be established, 
hut it is known that rac translocates to the membrane upon activation of intact 
cells (Quinn et al. 1993) or the cell-free system (Sawai et al. 1993). Post-trans- 
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lational processing of rac, e.g. removal of the C-terminal tripeptide, carboxyl- 
methylation or prenylation, is needed for its interaction with GDP/GTP ex- 
change-regulating protein* (Ando et al. 1992). Interaction with GDP dissociation 
stimulator (GDS) is needed for subsequent GTP binding and rac translocation \ 
(Takai et al 1993) as well as NADPH oxidase activation (Ando et aL 1992, 
Heyworth et al 1993). Possibly, rac translocation is needed for tfl-phox translo- 
cation but not for pil-phox translocation. 

Thus, the respiratory burst (sudden 30- to 100-fold increase in oxygen consump- 
tion and superoxide formation) in intact phagocytes may be initiated as follows. 
Ligand binding to surface receptors (eg. Fc regions of opsonic immunoglobulins 
to Fey receptors, opsonic fragments of complement component C3 to complement 
receptors or high doses of chemotaxins to chemotaxin receptors) leads to a 
conformational change in these receptors and subsequent coupling of these recep- 
tors to tyrosine kinases or to membrane-bound trimeric GTP-binding proteins. 
In their turn, these proteins activate phospholipases and/ or other protein kinases. 
This leads to formation of inositol phosphates and diacylglycerides, and to 
activation of low^molecular weight G-proteins. Thus, al) necessary second messen- 
gets for oxidase activation are then present, and translocation of the cytosolic 

proteins may proceed. 

Recent data suggest that -ptl-phox, p67 -pkox and roe translocate simul- 
taneously in a 1:1:1 stoichiometry, possibly as a complex, to cytochrome h m 
(Quinn et al. 1993). Exactly how p47- j pfowr and v67-phox induce the NADPH 
oxidase activity is unknown. Cross & Curnutte (1993) found indications that 
pSJ-phox may be involved in permitting electron flow from NADPH to FAD in 
cytochrome i H „ whereas p47-pAox may regulate electron flow from FAD to the 
heme moieties, Taylor et «1. (1993) recently published a structural model of 
cytochrome A 3M based on the known structure of ferredoxin-NADP reductase. 
In this model, the amimwicid sequence 4 1 J-503 in gp9 \-phox between alternating 
a helices and sheets may, in the inactive state, prevent access of NADPH to 
the cleft that contains FAD Activation, with access of NADPH to the FAD, 
could be induced by displacement of this sequence, possibly by direct binding of 
one or both of the cytosolic factors, following phosphorylation of the cytochrome 
upon oxidase activation (Garcia & Segal 1988). 



Tissue specificity 

Many cell types can generate superoxide, often in response to a specific stimulus, 
Of these cell types, phagocytes produce by far the largest amounts. Only EBV- 
transfected B-lymphocy te cell lines have been shown to contain the same NADPH 
oxidase as that found in phagocytes, because B-cell lines obtained from CGD 
patients show the same oxidase dysftinction as those found in the phagocytes 
from these patients (Volkman et al. 1984, Porter et al. 1992). For this reason, 
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such cell tines are often used for immortalization of genetic defects in NADPH 
oxidase components. 

Fibroblasts contain another kind of oxidase, despite the presence of a low- 
potential cytochrome 6 5H (Meier et al. 199U 1993). Reports on NADPH oxidase 
activity and iinmunoreactivity with antibodies against cytochrome b m from hu- 
man phagocytes in renal mesangial or glomerular cells (Radeke et al, 1991, Neale 
et al. 1993) await further characterization of the oxidase components in these 
cells. 

Of the four "structural" components of the phagocyte NADPH oxidase, p22- 
phox is the only component with mRNA expression in cells other than phagocytes 
(Parkas et al. 1988), Attempts to identify the regulatory mechanisms of gp91- 
phox expression have been only partially successful. Skalnik et al. (1991a) have 
shown in transgenic mice that 450 base pairs of the 5'-flanking region of the 
gp91-i/ttx gene an sufficient to cause expression of reporter genes in a subset of 
mononuclear phagocytes* but not in all myelomonocytic cells* In addition, the 
same investigators have identified a repressor region around the CCAAT box 
motif at about 160 and 170 base pairs 5' from the gp91-/>A<wf initiation codon 
(Skalnik et al. 1991b) and a high-mobility group (HMO) chromosomal protein 
binding to this same region and supposedly acting as a transcriptional activator 
(Skalnik & Neufeld 1992), 

CLASSIFICATION OF CGD 

The two snbunits of cytochrome b mi p22-phcx and g$l-phox, as well as p47- 
phox and jtil-phox, have been cloned and their genes have been localized and 
characterized. Tkble I summarizes these data. Defects in any of these four 
NADPH oxidase components lead to absence of enzymic activity, and thus to 
development of COD, An overview is given in Table II* Defects in other com- 
ponents, e.g. the rac proteins or GDP/ OTP exchange proteins are not known, 
possibly because these proteins are involved in several essential cellular functions, 
and such defects may therefore be incompatible with life. 

The alpha submit of cytochrome contains 195 amino acids (Parkos et al. 
1988) with three or four hydrophobic regions that could serve as membrane- 
anchoring domains (Imajoh-Ohmi et al. 1992). The CYBA gene for this subunit 
is located on the long arm of chromosome 16 at 16q24 and contains six exons 
(Dinauer et air 1990). Thus, mutations in this gene that inactivate p22-phox lead 
to an autosomal form of CGD (Dinawr et al. 1990). This type of CGD is rare, 
probably accounting for less than 10% of all CGD patients. Ten of these CGD 
patients from eight different families have been studied in detail (Tkble III). 

The glycosylated beta subunit of cytochrome (gp91-phcx) contains 570 
amino acids and appears as a smear of Mr 76 000 to 92 000 on SDS-PAGE. Five or 
six hydrophobic regions are present that could serve as transmembrane domains 
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CYBB 


NCF1 


NCF2 


Chrom. location 


16q24 
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Iq25 


Size 


S.S kb 


30 kb 


17-18 kb 


40 kb 
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5 kb 
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2.4 kb 


Ammo acids 
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195 
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w.y Jtua 
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22 lcPft 
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47 kDa 
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Pi 


10.0 
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10 


6 
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Membrane 


Membra ih 


Cytoplasm 


Cytoplasm 


phagocyte 
Posttranalational 


Phoa- 


N-linkcd 


Phosphoryl- 




modification 


phorylatcd 


carta* 


ated during 








hydrate*; 


axidttft activ- 








Fhosphorylatod afrn 





(Dinauer et al. 1987, Teahan et al. 1987). The CYBB gene for this subunit is 
located on the short arm of the X chromosome <Xq21.1) (Dinauer et al. 1987) 
and contains 13 exons (Skalnik et al. 199 lb). Mutations in this gene account for all 

cases of X-Unfced CGD, This type of CGD is the most common one encountered, 
accounting for 50-60% of all CGD patients (dark et al. 1989, Casimir et al. 
1992). Table IV summarizes all mutations in X91 CGD patients known to me at 
the time of writing this review (November 1993). 

Both subunits of cytochrome b& are usually missing in A22 CGD as well as 
in X91 CGD (Verhoeven et ah 1989, Parkas et al. 1989). This indicates that single 
Subunitft have a decreased Stability in comparison to the alpha-beta heterodimer. 
In a few cases, mutations in the alpha or beta subunit do not lead to absence of 
protein or heme, but only to loss of enzymic activity, These mutations may 
involve regions important for N ADPH association or FAD binding to cytochrome 
£jsb (Segal et al. 1992, Taylor et al. 1993). Occasionally, mutations are found that 
lead to partial loss of protein and heme. These mutations may involve region? 
important for heme binding and /or association of the two wbunits, In analogy 

to the nomenclature used in describing thalassemia, these different phenotypes 
are now designated as A22* or X91° when no cytochrome b m protein or heme ia 
detectable (A -autosomal, X-X^hromosome linked), as A22~ or X9l~ when 
subnormal amounts of cytochrome 6 ut protein or heme are detectable, and as 
A22+ or X91* when normal amount* of cytochrome protein or heme are 
detectable (see Tkble II). 
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The cytosolic NADPH oxidase component p47-p/tox is composed of 390 amino 
adds (Volpp et al. 1989, Lomax et al 1 989). This protein is encoded by the NCF1 
gene on the long arm or chromosome 7 at 7ql 1.23 (Francke et al. 1990a)> which 
contains 9 exons spanning 18 kilobases (Chanock et al. 1991). Mutations in this 
gene found so far always lead to complete absence of the pfl-phax protein, and 
thus to A47° CGD. Patients with this subtype of OOD comprise about 3tf/o of 
all COD patients. 

Finally, the ybl-phox protein contains 526 amino acids (Leto et al. 1990). The 
gene for his protein is NCF2, located on the long arm of chromosome 1 at 
position lq25 (Francke et al. 1990a). This gene spans 40 kilobases and contains 
16 exons (Kenney et al. 1993). Here, too, only A67* COD patients arc known, 
This CGD subtype is rare, accounting for less than 5% of all CGD patients. 

Not only genetically but also clinically, COD manifests as a very heterogeneous 
syndrome. This is apparent in the type of infectious micro-organisms, in the 
different infected tissues, in the frequency of the infectious episodes and in the 
age at which the patients present with the infections. This is understandable, 
given the heterogeneity in the molecular pathogenesis of the disease. We (Weening 
et al, 1985a) and others (Forrest et al. 1988, Margolis et al. 1990) have noted 
that, in general, patients with the cytochrome ^deficient forms of CGD follow 
a more severe clinical course than those with defects in cytosolic NADPH oxidase 
components. There is, however, no correlation between the amount of superoxide 
generated by the patients' phagocytes and the severity of the clinical course: 
patients with the X91" subtype of CGD, who may have neutrophils that generate 
10-30% of the normal amount of 0 3 T , suffer from infections as severe as patients 
without any NADPH oxidase capacity (Roos et al. 1992), In contrast, carriers 
of X91 D CGD with only a few percent of normal neutrophils due to non-random 
X-chromosome inaotivation may be completely healthy (Roos et al. 1986). Per- 
haps it is more beneficial to the host to possess a few neutrophils with full 
bactericidal capacity than to have a large number of neutrophils with low bacteri- 
cidal capacity, 

MUTATIONS IN THE ALPHA SUBUNIT OP CYTOCHROME b m 

Table III shows that all but 1 of the 8 A22 CCJD patients had mRNA for p22-phox 
of apparently normal size in apparently normal amounts in their mononuclear 
leukocytes. In patient 1 without detectable mRNA for p22-phox, Southern blot 
analysis of genomic DNA revealed a homozygous deletion in the CYBA gene 
that removed all but the extreme 5' coding sequence of this gene (Dinauer et al. 
1990). Patients 2 9 3, 4 t 5, and 6 were found to suffer from CGD due to point 
mutations m the open reading frame (Dinauer et al. 1990. de Boer et al. 1992a, 
Hcssle et al. 1994). Patients 2 and 6 are compound heterozygotes for two muta- 
tions that predict a frameshift and a non-conservative amino-acid replacement 



OS 



GENETIC BASIS OF COD 



131 



nent p41-phox is composed of 390 amino 
9). This protein is encoded by the NCF1 
it 7ql 1 .23 (France et at. 1990a}» which 
Chanock et at* 1991). Mutations in this 
te absence of tht pAl-phox protein, and 
ibtype of COD comprise about itiP/o of 

526 amino acids (Leto et al. 1990), The 
on the long aim of chromosome 1 at 
is gene spans 40 kilobases and contains 
>, only A67* OGD patients are known, 
■I less than 5% of all CGD patients. 
CGD manifests as a very heterogeneous 
of infectious micro-organisms, in the 
■y of the infectious episodes and in the 
the infections. This is understandable, 
athogenesis of the disease. We (Weening 
.988, Margolis et al. 1990) have noted 
ome ^-deficient forms of CGD follow 
ith defects in cytosolic NADPH oxidase 
ition between the amount of superoxide 
nd the severity of the clinical ootifte: 
vho may have neutrophils that generate 
fer from infections aa severe as patients 
Roos et al, 1992). In contrast, carriers 
normal neutrophils due to non-random 
pletely healthy (Roos et al. J 986). Per- 
o possess a few neutrophils with full 
lumber of neutrophils with low bacteri- 



3UNIT OF CYTOCHROME b 



HI 



:GD patients hadmRNA for $2%phQx 
tormal amounts in their mononuclear 
e mRNA for p22-/Aojc, Southern blot 
nozygous deletion in the CYBA gene 
I sequence of this gene (Dmaucr et al, 
nd to suffer from CGD due to point 
auer et al. 1990, de Boer et al. 1992a, 
impound heterozygotes for two muta- 
-conservative ammo-acid replacement. 



J 



E at 

hi 



Si's 




% z z 



j 



< 

T 



g 



4 

1 

& 



I 

T 

I 



t 



Z 



l1"s!!- M - 




J o 



rM 
< 

LL 



6 




I 5 



in 

i 



< 



2 



13 

« 



< 



90 



6 "2 

O n 
O w 



0134669 29-Jun-00 10:49P 





132 



RODS 



GENET 



The same mutation leading to bd Arg-90-»Gln replacement in patient 2 is present 
in homozygous form in 3 patients from one family (on 4 is Tfable III)* Patients 
3 and 5 are homozygous for other missense imitations, resulting in other non- 
conservative amino-acid changes. 

Patient 7 (Table III) is homozygous for a deletion of exon 4 in the p22*phox 
mRNA (de Boer et al. 1992a). PCR-amplified genomic DNA of this region had 
a normal size, indicating that the absence of exon 4 wad not due to a deletion in 
the CYBA gene. The flanking intron sequence of exon 4 revealed a tingle point 
mutation in the consensus donor splice site sequence. Thus, in this partem, an 
mRNA splicing defect leads to skipping of exon 4. Because this is an in-frame 
deletion, a shortened polypeptide is predicted to be synthesized. 

Patient 8 (Tkble II) is a homozygote for a mutation that leads to cytochrome 
inactivation, but not to loss of cytochrome b m protein or heme (Dinauer et al, 
1991). Thus, this patient suffer? from A22 + CGEX The Pro-156-KJln substitution 
found in this patient was shown to occur in a cytoplasmic region of p22-phox. 
Perhaps this amino-acid substitution interferes with the interaction of cytochrome 
ija with ptf'phox, and in this way causes failure of NADPH oxidase activation 
(Nakanishi et al, 1992). 

Fig. 3 shows a simplified structure of the alpha subunit of cytochrome b m 
and the missense mutations in this polypeptide found so far. Mutations in the 
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Figure J. Schematic representation of p22-pfa>jc. Indicated are the possible orientation of 
the peptide in the membrane (Imajoh-Ohmi et al. 1992), the N- and C-terminus, the intron 
positions (roman numerals) and the miBBen&e mutations in the A22 CGD patient*: (o) 
indicates A32 6 , (+) A22 + CGD. 
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N-tenninal, hydrophobic half of the protein all result in loss Of Cytochrome b ia 
expression. Apparently, auch mutations either result in intrinsically unstable p22- 
phox protein or in p22-phox that is unable to form a stable heterodimer with 
tflUphox. Of special interest is the His-94-*Arg substitution in patient 5 (Tfcbk 
III), which removes the histidine that is probably involved in heme binding 
(Dinauer et aL 1990, Quinn et al. 1992). Although p22-phox contains two histi- 
dines, His-72 is polymorphic and may be replaced by Tyr without consequences 

for NADPH oxidase activity (Dinauer et aL 1990), However, became the neutro- 
phils from patient 5 did not contain measurable amounts of cytochrome 6^ on 
Western blot, the His-94 substitution apparently affects the stability and/ or the 
association of p22-/>tox with gp91-/>Aox as well (de Boer et al, 1992a). In contrast, 
the Pro-156-*Gta mutation in the C-tenninal 5 hydrophilic part of p22-pkox 
(patient 8, table III) leaves the heme and the association with K&Uphox intact 
Altogether, nine different mutations have been found in eight A22 CGD 
families, indicating that this type of CGD is very heterogenous in nature. More- 
over, only four polymorphisms have been recognized in the reading frame of p22<- 
phox so far (Dinauer et al* 1990, de Boer et at 1992a). Apparently, small changes 
in the structure of plt-phox already lead to instability and/ or loss of function of 
this polypeptide- 



MUTATIONS IN THE BETA SUBUNIT OF CYTOCHROME b 



Deletions 

The first 12 patients shown in Table IV suffer from X91 CGD caused by a 
deletion in the CYBB gene for gfil-pho.x. Although the size of these deletions 
varies widely* from about 5000 kilobases to single base pair deletions, this leads 
with only one exception to the occurrence of the X91 D subtype of COD, When 
the deletions are very large, not only the CYBB gene is affected, but neighboring 
genes as well. As a result, such patients suffer from other clinical syndromes in 
addition to CGD, e.g. Ducherme muscular dystrophy, retinitis pigmentosa and 
Mcieods's syndrome (a mild hemolytic anemia with depressed levels of Kell 
antigens due to defects in the red-cell antigen K"). This is the case in patients 1-4 
(Table IV) (Kousseff 1981, Francke et aL 1985, Frey et al. 1988, de Saint-Basile 
et al. 1988). 

Partial CYBB gene deletions have been found in several other patients (nrs. 
5-8, Table IV). These include two brothers with two different deletions (patients 
8.1 and 8,2), leading to deletion of etoti 5 and exotis 6 and 7, respectively. 
Analysis of their genomic DNA with restriction enzymes confirmed the size- 
analysis of the PCR-amplified cDNA. Sequencing of genomic DNA showed a 
very small overlap of the two deletions in irlttOn V (de Boer and Roos, unpub- 
lished). Remarkably, the mother of these two brothers was found to carry both 
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deletion alleles in her genomic DNA, as well as the normal allele. This family is 
now being studied in more detail. 

Two patients have been found with triplet base-pair deletions that predict in- 
frame deletions of one amino acid (patients 9 and 10, Table IV). In one case, this 
led to an X9l° CGD phenotype (patient 9), but in the other cape, the cytochrome 
b m expression and the NAJDPH oxidase activity showed a 20% residual level. 
Thus, patient 10 (Table IV) is a so-called 'variant* COD patient with the X9P 
phenotype. Perhaps the Lys-315 deletion in this patient affects only the stability 
but not the function of the flfll-phox protein* Finally, 2 patients (11 and 12, 
Table IV) are known with single base-pair deletions, leading to decreased levels 
of mRNA for sp9l-pkox and frameshifts followed by premature termination of 
the %p9i*phox translation. Because these deletions occurred early in the mRNA 
sequence, an X91° phenotype resulted. 

Spike-site mutations 

A common cause of X-linked COD consists of splice site mutations (de Boer et 
al. 1 992b). Tkble IV lists 1 1 patients with various forms of this aberration (patients 
13-33). In patients 14,16,17,18,19 and 21 (Table IV) exon skipping during mRNA 
processing appeared to be due to single nucleotide substitutions in the donor 
splice sites of the relevant introns. In patients 13 and 13, missense mutations 
were found in the acceptor splice sites of introns I and II, respectively. As a 
result, the subsequent exons were skipped entirely during mRNA processing. 

In patient 22 (Thble IV), a similar mutation in the acceptor splice site of intron 
XI caused only partial skipping of axon 12, apparently because a cryptic splice 
site in this exon is activated. This results in skipping of only 30 nucleotides, 
predicting an in-frame deletion of 10 amino acids in the gpPl-pAax protein 
(Schapiro et al. 1991). According to the normal protein level on Western blot 
and the normal spectral characteristics of cytochrome i HB , this patient should be 
classified as an Xb 4 patient. However, according to the low NADPH oxidase 
activity of his neutrophils (about 6% of normal), this patient should be regarded as 
an Xb~ CGD variant. Possibly, the 10 amino-acad deletion in the carboxyterminal 
domain of gflUphax prohibits NADPH access to FAD in the activated cyto- 
chrome molecule (Taylor et al, 1993). 

The reverse situation exists in patient 20 (Thble IV). In this patient, a mutation 
in exon 6 apparently creates a new splice site that is preferred over the normal 
donor splice site of intron VI. As a result, exon 6 is skipped from the site of the 
mutation to the y end of the exon, which causes in addition a frameshift and a 
premature stop codon (de Boer et al. 1992b). 

Finally* patient 23 (Table IV) lacks about 1 kilobase of his mRNA, resulting 
in deletion of exon 13 (the last exon) in the gp9\-phox protein (Royer-Pokora et 
al. 1986). Probably, this is caused by a mutation in the acceptor splice site of 
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intron XII. Because exon 13 contains the 3' untranslated region of the gp9 l-phox 
mRNA, the loss of this exon also causes mRNA instability, leading to an X91° 
phenotype in this patient. 

In the other splice site patients* decreased amounts of mRNA were found. 
Apparently, splice site mutations always cause some mRNA instability, but never 

as extreme as in patient 23 flfebte IV). Nevertheless, all patients except MS. 19 
and 22 (Ihble IV) show the Xb* phenotype, probably due to instability of the 
truncated proteins. Only in one patient (nr. 18, Table IV) was the smaller size of 
the mRNA detectable on Northern blot* 
Thus, splice site mutations frequently occur in X-linked CGD and may cause 

deletions of entire exons or exon sections. In general, this leads to a severe form 
of the disease. 



Miswnse mutations 

Missense mutations, leading to single ammo-acid replacements, are also fre- 
quently found in X-linked CGD (patients 24-35, Table IV). These mutations 
have no effect on mRNA stability, but affect the level and the function of 
cytochrome b 5a in a variety of ways t leading to either XV\ Xb" or Xb fl OGD 

Four patients from three different families are known with normal levels of 
non-functional cytochrome b mt thus presenting with the Xb + phenotype. Two 
brothers (case 24, Tkblc IV) carry point mutations that lead to a Pro-415-*His 
substitution (Dinauer et aL 1989). A similar patient has been found in Zurich (J. 
P. Hossle et aL, unpublished). Because Pro-415 is in the putative NADPH binding 
site of the cytochrome (Segal et al. 1 992, Tkylor et al. 1993), neutrophil membranes 
from one of these patients were tested for binding of the photo-affinity label 2- 
arido-NADP Indeed, labeling at the position of gp91-^ (after SD5-PAQE) 
was strongly decreased as compared to normal neutrophil membranes (Segal et 
al. 1992). Thus, the Pro-415->His mutation has no effect on the stability of the 
gp9Uphox protein or on its association with the p22>phox subunit, but renders 
the cytochrome non-functional by preventing NADPH binding. 

Another Xb 1 * 1 CGD patient was recently investigated in our laboratory. In this 
patient (nr, 26, Table IV), an Asp-500-*Gly mutation in gp9l-phox causes total 
inhibition of ptf-phox and p61~phox translocation to the membrane in the cell- 
free activation system. To confirm the importance of the gp91-pfe>x domain 
around Asp-500 for docking of the cytosolic oxidase components, we tested the 
effect of a synthetic peptide corresponding to amino adds 491-504 of gp9l-pfox 
in this assay, Indeed, this peptide inhibited both the translocation of p41-phox 
and ptf-phox to normal neutrophil membranes and the activation of the NADPH 
oxidase activity in this system (Leusen et al. 1994). These results perfectly fit with 
the structural model of cytochrome constructed by Taylor et al. (1993), in 
which this domain of gfll-phcx is supposed to prevent NADPH access to FAD 
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in the rating state of the cytochrome and to move away from the FAD cleft 
after activation by binding to p*7»phox and/ or pffl-pkox. Thus, also the Asp- 
500-+Gly mutation has do effect on the stability of tins gp9\-phox protein or on 
its association with the p22-phox aubunit, but renders cytochrome 6 Hi non- 
functional by preventing activation of the cytochrome by p47-phox or p67-phox. 

Bight patients from six different families (cases 27-32) were found with missense 
mutations that led to the variant Xb" subtype of COD. In these patients decreased 
amounts of gpVUphox and lowKADPH oxidase activities were observed. Appar- 
ently, these mutations affect the stability of the gffil-phox protein or it* associ- 
ation with the p22-phox subunit* As a result, the NADPH oxidase activity is 
decreased to a similar extent (Rocs et al. 1992), In general, the mutations in these 
patients were found in the middle portion of %p9\-phax and may have replaced 
amino acids involved in maintaining the secondary structure of the protein. These 
mutations arc indicated in Pig, 4. 

Finally, 3 patients have been detected with missense mutations leading to com- 
plete loss of gp91 »phox expression, despite the presence of stable mRNA for this 
protein (nrs. 33-35, Table IV). One of these patients (nr T 34) is a female carrier of 
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Figur* tf. Schematic representation of gp91"/fajc. Indicated arc the po»ibfc wiftfltAtian of 
the peptide in the membrane (Im^joh-Ohmi et al. 1992). the N- and C-tenninufi, the intron 
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X-linktd CGD With an extreme lyonization (2-5% positive cells in the NBT test). 
In this patient, the control sequence of gp91 +pkox cDNA was found in combination 
with the mutated sequence (Bolscher et aL 1991), The mutations in these last 3 
patients are either in the N-tenmnal half of the protein, which contains most of the 
hydrophobic stretches that might serve as membrane-spanning regions, or remove 

histidyl residues that might be involved in heme binding (Fig. 4). 

1 

Nonsense mutations 

In 9 patients (36-45, Table IV), nonsense mutations leading to a stop codon were 
observed. Obviously, these mutations all induced the X9V phenotype of CCD. 
Remarkably, seven of these nine mutations involved C->T substitutions, changing 
the CGA codon for arginine into the TO A stop codon. Patient 412 is another 
female patient, heterozygous for the mutation. Usually, carriers of X linked COD 
do not present with serious clinical problems, but non-random X-chromosome 
inactivation may induce an unfavorable phenotype. In this patient* the mRNA 
for the mutated gp9\-pkox is apparently unstable (Curnutte et al. 1993). 

Insertions 

The last type of mutations found in XJinked COD is forced by insertions, In 
patients 46 and 47 (Table IV) single nucleotide insertions cause frameshifts and 
predict premature termination of gp91-ptax synthesis. In patient 47, the insertion 
of adenine cannot be localized precisely, because five adenines art found already 
in the normal sequence at that point. A similar situation was found in patient 6 
of Tfcble in, in which a guanine is inserted in a strech of five guanines. In the 
latter case, the six guanines were probably stabilized by a hairpin Joop with six 
neighboring eytosines. 

In patient 45 (Thble IV) we found a 40-twe-pair insertion at the intron VI/ 
exon 7 boundary (Rabbani et al. 1993). This proved to be a 40-bp repeat, probably 
caused by unequal crossing-over. A* a result, 13 additional amino adds arc 
predicted to be incorporated, followed by 23 new amino acids and a premature 
termination of gp9\-pkox synthesis due to a frameshift, 

All three insertions lead to decreased mRNA stability and - due to the 
frameshifts - to the clinically severe subtype of X91° CGD. 

Other mutations 

Finally, in 5 patients suspected of suffering from X91° COD, we did not find 
grfl-pAo* mRNA detectable on Northern blot. Nevertheless, treatment with 
reverse transcriptase of the mRNA from these patients and amplification by PCR 
with primers specific for gp91^Aojr mRNA yielded fragments of the expected 
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size. However, the sequences of these products appeared normal (de Boer and 
Roos, unpublished). Therefore, in these patients, the disease may be due to the 
formation of unstable %p9l-phox mRNA, for instance caused by mutations in 
the 3' non-coding region. Alternatively* mutations in a promoter region may 
have led to decreased formation of %$\-phox mRNA. However, caution should 
be exercised when interpreting these results, because in 2 of these patients the X- 
linked nature of the disease was not proven (e.g. by a mosaic in the NBT test 
from an obligate carrier or by monocyte hybridization). Identification of the 
mutation in these last 5 patients awaits further analysis. 

The list of different mutations leading to X-linked COD clearly illustrates the 
very heterogeneous natun of these lesions. In fact, 44 different mutations were 
found in 46 families with this disease. Only patients 24 and 25, patients 38 and 
39» and patients 43 and 44, have the same mutations. Because polymorphisms 
within the coding region of the CYBB gene are not known, it appears that the 
%$&\-pfwx polypeptide is extremely sensitive to mutations. 

MUTATIONS IN CYTOSOLIC NADPH OXIDASE COMPONENTS 
Mutations in p47-phox 

In contrast to the large heterogeneity found in A22 and X91 CGD, only four 
different mutations are known so far to cause A47 COD, In 10 unrelated CGD 
patients with p41-phox deficiency, a dinuclcotide deletion was found at a GTOT 
tandem repeat corresponding to the first four bases of exon 2 (Casimir ct al 
1991, Chanock el al. 1991, Volpp & Lin 1993). Six patients have a homozygous 
GT deletion, which results in a frameshift and premature translation termination 
after the synthesis of a 50-ammo-acid protein. The other 4 patients are compound 
heterozygotes for this GT deletion in combination with point mutations, i.e. A- 
179-+G predicting Thr-53-»Ala substitution, A-425->G leading to Lys-t35-*Glu 
replacement, or G-502 deletion predicting a frameshift and premature stop codon. 
In our own laboratory we have analyzed the cDNA of 17 A47° CGD patients. 
In all cases, the GT deletion was found, without other point mutations or deletions 
(de Boer and Roos, unpublished). 

In all patients, the mRNA for p47-phox is present in apparently normal 
amounts and with a normal size, as judged from Northern biota with mRNA 
isolated from mononuclear leukocytes (Lomax et al. 1989, Casimir ct al 1991, 
Chanock et al. 1991, de Boer and Roos, unpublished). In contrast, ptt-phax (or 
a truncated derivative) is always undetectable in neutrophil lysates. Thus, it 
appears that all four mutations lead to the synthesis of an unstable protein. 

A large number of polymorphisms have been detected in the NCF-t gene, 
some of them predicting incorporation of different amino acids (S. Chanock, 
per*, commun.). Hence, the pW-phox protein is less dependent on a critical 
conformation for its function than the cytochrome b u% gubunits, 
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Mutations tn p67~phax 

A similar situation exists in A67 CGD: all patients analyzed so far have normal 
rnRNA for tfH-phox but no protein (Leto et al. 1990, de Boer et al. 1994). 
Recently, w have located the mutation in one A67° COD patient, who appeared 
to be homozygous for a G-233-A substitution. This mutation predicts a Gly- 
78-*Ghi replacement. Both parents and a sister of the patient are heterozygous 
for thia mutation, although the parents are not known to be related to each other 
(de Boer et al, 1994). In another A67° patient, we have found an exon 3 deletion 
in the mRNA but not in the genomic DNA, Hence, a splice site mutation la 
suspected, but has not yet been characterized (de Klein and Roos, unshed). 
In a 3rd A67 -►patient, a GAA deletion was found, predicting a Ly*58 deletion- 
It is not yet known whether this is a honuwygDui or a heterozygous mutation 
(de Klein and Roos, unpublished), Thus, the heterogeneity in p67.ptox appears 
to be larger than that in p47-p*ox, 
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DIAGNOSIS AND TREATMENT OF COD 

Diagnosis 

In a patient with clinical symptoms suggestive of CGD, the diagnosis has to be 
confirmed by the hallmark of CGD! failure of the neutrophils to react with 

increased NADPH oxidase activity upon treatment with an appropriate Stimulus. 
The oxidase activity can be measured by oxygen consumption (with an oxygen 
electrode), superoxide generation (reduction of ferri-cy tochrome c) or £^ 10n 
ofhydrogen peroxide (oxidation of homovantllic acid) (Weening etal, 1974, 1975. 
Roos et al 1983). Oiemilumineacence with luminol or lucigenin is also often used 
to measure oxidase activity (Weening et al. 1985b). Recently, ^wcytornetric 

methods have been introduced for the diagnosis of CGD (Roaster et al. 1991). 
Stimuli frequently used to activate the NADPH oxidase are sermi-tt^ted zymos- 
an and phorbol-myristate acetate. The neutrophils are usually purified, but full 
blood can also be used (Rooa et al., unpublished). 

Differentiation between the four subgroups of CGD begins with Wwtem blot 
analysis of neutrophil lysates with antibodies against fllrphox. gp91-/rfKWc, p47- 
phox and p67-/>to* In case of A47 or A67 CGD, the distinction is easy, because 
lack of reactivity with the relevant antibodies is the rule, but the possibility of 
+ or - variants of these subgroups must be kept in mind. In case of A22 or X91 
CGn however, the distinction can be more difficult, because both subumts of 

cytochrome b m are absent in A22° as well as in X91* OGD (Parkos et al- 1989 
Verhoeven et al. 1989) and + and - variants are known to exist (Dinauer et al. 
1989 1991, Schapiro et al. 1991, Roos et al. 1992, Leusen rt al. 19M). When 
both subunita of cytochrome are undetectable, distinction between A22 and 
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X91 COD can usually be made by searching for carriers in the family of the 
patients with the NBT slide test (see next paragraph). The presence or neutrophils 
with functional and neutrophil with non-functional NADPH oxidase in obligate 
heterozygous (e.g. the mothers of the patient*) proves the X-lintad nature of the 
disease, and thus points to a deficiency in gp9 l-/rtox. Of course, if the patient is 
female, this in itself is an indication that the disease probably has an autosomal 
origin, and hence may be caused by a deficiency in p22?Jtox. but it must be kept 
in mind that extreme lyonization in carriers of gp91*ptox deficiency may lead to 
clinical problems as well When both subunits of cytochrome J> MB are detectable 
on protein blots with the appropriate antibodies, a (relative) deficiency of 
NADPH oxidase activity of the patient's neutrophil membranes in the cell-free 
system will prove a defect in cytochrome In that case, analysis or family 
members with the NBT slide test is again indicated. 

Carrier detection in the X91 subtype of COD is based on detection of func- 
tional and non-functional individual cells. This can be performed with the 
NET slide test, in which neutrophils ate incubated with the pale yellow dye 
nitxo tetrazolium (NBT), activated (e,g. with phorbol-myristate acetate) and 
scored microscopically for deposits of black foimazan (NBT reduced by 
superoxide) (Meerhof ft Roos 1986), A mosaic of stained and non-stained 
cells proves the carrier state of X91 CGD. Similar assays are possible with 
flowcytometric methods (Mizuno et al. 1988, Roesler et al. 1991). However, 
about one-third of all X-linked defects arises from new mutations in germ-line 
cells. Moreover, extreme lyonization towards the normal phenotype may ob- 
scure the detection of X91 CGD carriers. Therefore, failure to detect these 
carriers does not disprove the X-linked origin of the disease. 

Carriers of the autosomal subtypes of CGD are less easy to recognize. Even 
in the neutrophils from obligate heteroaygotea, no abnormalities in any of the 
NADPH oxidase activity assays can be detected. However, we have found that 
oxygen consumption and superoxide production of these cells after activation 
with phorbol-myristate acectate is significantly lower than that of normal neutro- 
phils. This gene-dose effect is detectable in carriers of A47* CGD (Verhoeven et 
al. 1988) as well as in carriers of A67° CGD (de Boer et al. 1993), but has not 
yet been tested in carrier* of A22° or A22+ CGDi Of course, when the mutation 
in a patient is known, carriers among family members of any CGD subtype can 
easily be recognized at the DNA level 

Prenatal diagnosis 

Before the NADPH oxidase components had been cloned, prenatal diagnosis of 
CGD could only be performed by analysis of umbilical blood phagocytes, e,g. 
with the NBT slide test or with a whoie^btood oxygen consumption assay (New- 
burger et al. 1979). However, fetal blood samples cannot be obtained before 
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father (Kenney et al. 1993), The baby was earned to term, and a boy waa bom 
who was shown to have a normal phenotype. 



TYwtwnt 

Until recently, the major approach to treatment of CGD patients was aimed at 
prevention and aggrcssiv* treatment of Infections. Prevention includes routine 
immunizations, prompt cleaning and antiseptic treatment of skin wounds, careful 
anal and dental hygiene, abstinence from smoking and avoidance of contact with 
decaying plant material that may contain Aspergillus spares (Smith & Curnutte 
1991), The use or prophylactic antibiotics, especially sulphametiioxazole-trime- 
thoprim, is very effective (Wsening et al. 1983, CalHtt et al. 1983, Mouy et al. 
1989, Margolis et al 1990). The uac of anti-fungal agents, e.g> itraconazole, may 
be indicated (Fischer et al. 1993). Treatment includes prompt surgical drainage 
of atacessa and early and proldnfled use of systemic antimicrobials. The use of 
daily white blood cell transfusions in life-threatening situations has also been 
advocated (Gallin et al. 19B3). Allogeneic hone marrow transplantation has been 
attempted, but with little success due to severe transplantation complications 
(Rappeport et al, 1982, Kamani et al. 1988). Perhaps the use of antibodies against 
LFA-1 (CD 11 ft), to inhibit graft- Yeraus-host disease, will improve future bone- 
marrow transplantation results in CGD patients (Fischer et al. 1991), 

The latest development in the treatment of CGD has been the use of interferon- 
y (IFN-y), First, it was proven that addition of IFN-y in vitro enhanced both the 
superoxide production and the level of mRNA for gp91-j>ta* of normal phago- 
cytes (Cassatella et al. 1985, Berton et al. 1986), Thereafter, neutrophils and 
monocytes from X91°, X9P and A47* CGD patients were treated with IFN-y iw 
vitro. Cells from X91 Q CGD patients did not respond, hut those from X91~ and 
A47* CGD patients did (Ewkowitz et al. 1987, Sechler et al. 1988, Weening et 
al, 1988). Baaed on these findings, two small groups of CGD patients were treated 
with subcutaneous injections of IFN.7 (Sechler et al, 1988, Ezekowite et al. 1988). 
In general, the same phenomena were noted; a large increase in <V generating 
capacity and killing of Staph, aureus in vitro, and modest increase in heme signal 
and mRNA for gp91-ptox in Xtr patients. All A47° patients responded, but to 
a limited degree. Of the X91° patients, only a few responded with a partial 
restoration of functions. Given the fact that many of the X91° patients will suffer 
from gene deletions and translation termination mutations, this last result is not 
surprising. 

However, these limited studies did not involve enough patients to evaluate 
any clinical benefits of IFN7. Therefore, a large multicenter study has been 
carried out, in which 128 CGD patients were enrolled (Int, Chronic Granulo- 
matous Disease Cooperative Study Group, 1991). The patients were ran- 
domized according to sex, use of prophylactic antibiotics, genetic background 
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al. 1986). Thereafter, neutrophils and 
GD patients were treated with IFN-y 
not respond, but those from X91~ and 
. 1937, Sechler et al. 1988, Weening et 
ill groups of CGD patients were treated 
chleretal. 1988. Ezekowitz et al, 1988). 
ted: a large increase in 0 3 T generating 
\ro t and modest increase in heme signal 
U. All A47° patients responded, but to 
only a few responded with a partial 
at many of the X91" patients will suffer 
nation mutations, this last result is not 

t involve enough patients to evaluate 
), a large multiocnter study has been 
were enrolled (Int. Chronic Granulo 
>up, 1991). The patients were ran- 
lactic antibiotics, genetic background 



of their disease and treatment center. The study was placebc^controlled and 
double-Minded. The resulta showed that recombinant human IFN-y, fj» m 
a dose or 0.05 mg/m> subcutaneoualy three times a week, caused a 70 h re- 
duction in the incidence of serious infections (requiring hospitalization and the 
use of parenteral antibiotics), regardless of the type of CGD. In contrast to 
the earlier reports, however, most patients in this larger study showed no sig- 
niScant improvement in <V production or bacterial killing by thw wutro- 
phifa to wiro. Thus, rhIFN-y appears to boost host defense by other mechan- 
isms, e* by augmentation of non-oxidative mechanisms and/or improvement 
of diapedesis and locomotion. 



Gwt therapy 

Because CGD is a disorder of marrow-derived cells with wtll-defuied genetic 
defects, transfer of the correct gene for (he defective NADPH oxidase component 
into pluripotem hemopoietic stem cells would, in principle, constitute definitive 
therapy. Hie genetically engineered stem cells can then be returned * thebme 
of a patient, with subsequent production of corrected mature phagocytes. 
Carriers for X91° CGD with less than 10% of normal cells may have a normal 
phenotype(Roos et aL 1986), suggesting that correction of only a small percentage 
of the cells in CGD patients will result in a clinical improvement or cure. 
Recent studies from several laboratories have demonstrated that p47 -pho* : protein 
expression and NADPH oxidase activity can be partially restored » EBV-trans- 
fonoed B-lymphocyte lines established from A47» CGD patients after tr^duc- 
Hon or transfectiofl with retrovirus or other expression vectors containing ^- 
phox cDNA (Cobbs et iL 1992, Thrasher * * l ^ n ^ 
Volpp & Lin 1993). In addition, transection of EBV B^cell lines from X91 CGD 
pafits with a vector containing &r-phox cDNA has been repotted , to ^rually 
correct gp9i-^x protein expression and NADPH oxidase activity (Porter et al. 
1993) However, EBV-iransformed lymphocytes are not relevant targets for gene 
therapy of CGD, because these cells are different from the myelomonocytic cell* 

that are deficient in CGD. , LCtu , 

An important ?Up forwards, therefore, was the recent publication by Sekhsar- 
ia et al (199% who reported transection of peripheral blood hematopoietic 
progenitor cells with a retroviral vector containing p47*fco* cDNA- When pro- 
genitor cells from A47* patients were used, this procedure resulted *fto* 
correction of NADPH oxidase activity when these cells were differentiated in 
vitro to mattfe neutrophils and monocytes, It remain? to be proven that 
transfected progenitor cells will sufficiently reconstitute the bone marrow of A47* 
CGD celttib cnire the rjatii^s. itadditfcm, transcription of DNA sequences for 
gfil-phox has been shown to wtfiire ™ and rt* factory that have 

not yet been fully elucidated (Skainik et al. lMlbVnWM**" for X91 
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COD patients may prove to be more difficult than for A47 CCD patents. 
NmSss, ge« therapy for COD patients may be expected a the not-too- 
distant future. 

SUMMARY 

Chronic granulomatous disease is a serious epical entity. The disease is cawed 
by the failure ofNADPH oxidase in phagocytic leukocytes to generate superoxide 
needed for the killing of micro-organisms. The patients needful m»»^ment 
at prevent and arrive treatment of infection, 

eous syniome, both cbnically ^l--^^ f ^?TliS 2»1 

of mutations, and multiple genes are affected. In fact, in the A22 and X91 
Itype. CGD, in which the alpha summit and the beta summit of cytochrome 
0ss , ate affected, napectivety, the mutations are virtually unique for each COT 
fomily tested. The results of these studies provide a better understanding of the 
mechanism of action of the various components of the sup^nde-gweraUng 
enzyme. Although treatment of CGD patients has improved considerably over 
the past 30 years, death caused by overwhelming infections » sol a serious threat 
Prenatal diagnosis now provides the relatives of a COD patient with the posobhty 
to choose for first-trimester abortion of an affected fetus. Moreover, genetB 
correction of the disease is now a goal within reach. 
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